| INTRODUCTION
Considerable geographic inequity in access to deceased donor kidney transplantation (DDKT) in the United States has persisted since the creation of the national organ allocation system in the 1980s. [1] [2] [3] [4] [5] [6] Unadjusted DDKT rates in each DSA ranged from 11.5 to 49.8 per 100 active waitlist years in 2012 and 2013. 7 Unadjusted
DDKT rate in each state ranged from 0.7 to 27.5 per 100 dialysis patient years in 2015. 8 These patterns are observed with casemix adjustment: DDKT rates ranged from 60% lower to 150% higher than the national average from 1996 to 2005. 4 Moreover, these disparities have worsened over time; the range of wait times for DDKT among DSAs increased from 0.41-3.67 years in 2000 to 0.50-5.22 years in 2009. 6 The Kidney Allocation System (KAS) was implemented on December 4, 2014, and is the most dramatic revision of kidney allocation in more than 20 years. 9 Major changes of the new allocation system include improving longevity matching using the Estimated Post Transplant Survival (EPTS) score and Kidney Donor Profile Index (KDPI), and providing greater access to blood type B candidates.
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These changes have been accompanied by broader sharing for sensitized candidates, broader sharing for KDPI over 85, and elimination of local policy variances. 11 Specifically, regional imports increased from whether the candidate is a prior living donor. 11 Though KAS was not designed to decrease geographic disparities, these multiple changes in organ allocation and expansions in sharing might have affected geographic disparity in kidney allocation.
Measuring geographic disparity in access to transplantation is both contentious and methodologically challenging. Various metrics to quantify disparity have been attempted, yet all of these have flaws that limit their accuracy in capturing the impact of geography on access to DDKT. Unadjusted DDKT rates and waiting times to transplant fail to account for patient casemix. 1, 13, 14 Metrics based on time to DDKT among transplanted patients fail to account for the experience of patients who do not get transplanted. 14 The range of waiting times for DDKT per DSA is sensitive to outliers. 6 The Institute of Medicine, examining the Final Rule in liver transplantation, recognized the importance of selecting an appropriate disparity metric and concluded:
"overall median waiting time, which has dominated the policy debate, is a poor measure of differences in access to transplantation. Statusspecific rates of pretransplantation mortality and transplantation are more meaningful indicators of equitable access.
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" As such, the goal of this study was to calculate DDKT rates before and after KAS, adjusted for casemix and allocation factors that should impact DDKT rate (i.e.
intentionally introduced by the allocation system), in accordance with the Institute of Medicine's recommendation, incorporating the experience of both transplanted and censored patients, using a novel method that is robust to outlier values.
| METHODS

| Data source
This study used data from the Scientific Registry of Transplant Recipients (SRTR). The SRTR data system includes data on all donors, wait-listed candidates, and transplant recipients in the US, submitted by the members of the Organ Procurement and Transplantation Network (OPTN), and has been described elsewhere. 15 The Health
Resources and Services Administration (HRSA), U.S. Department of Health and Human Services provides oversight to the activities of the OPTN and SRTR contractors.
| Study population
Our study population consisted of 97862.87 active person-years on the kidney-only waitlist between June 1, 2015 and December 1, 2016
("under KAS"). Inactive person-years were excluded because inactive candidates were not eligible to receive DDKT. That is to say, if a candidate was active, then inactive, then active again, only the active time on waitlist was included. We have also excluded person-years in medical urgency status. Since prior studies have demonstrated a "bolus effect" of newly-prioritized candidates receiving transplants during the first 6 months after KAS implementation, we excluded the first 6 months of time following policy implementation. 16 Candidates were censored at waitlist removal for a reason besides receiving a transplant (died, too sick to be transplanted, refused transplant, et cetera).
| Model specification
We 
| Incidence rate ratio (IRR) and median incidence rate ratio (MIRR)
Incidence rate ratio (IRR) is the ratio of DDKT rates between two groups with different values of a covariate. We analyzed median incidence rate ratio (MIRR) -a measurement of between-cluster variation -in a multilevel framework for DDKT rate. [19] [20] [21] [22] [23] MIRR of DDKT rate is derived from comparing DSA-level random effects, and can be interpreted as the median of the DDKT rate IRRs for all pairs of DSAs when comparing two candidates with similar allocation points. 24, 25 In other words, if we consider two random candidates with similar allocation points from two different DSAs, and compare the candidate in the DSA with greater access to transplantation to the candidate in the DSA with less access, we get an incidence rate ratio for DDKT for this pair of DSAs. We then calculated the IRRs of all DSA pairs, comparing the higher DDKT rate to the lower DDKT rate. MIRR is the median ratio of DDKT rates over all pairs of DSAs. We showed distribution of IRRs and MIRR using a histogram. Estimated DDKT rate was obtained by empirical Bayes estimates for each DSA from the adjusted multilevel Poisson regressions. IRRs were calculated by comparing the higher DDKT rate to the lower DDKT rate for each pair of DSA.
MIRR can be interpreted as the median increase in DDKT rate that would occur if an individual moved from an DSA with less access to an DSA with greater access to DDKT. An adjusted MIRR represents the geographic disparity in DDKT rates for candidates with the same allocation priority. The 95% confidence intervals of MIRR were obtained using a bootstrap with 200 repetitions that resampled registrants in each DSA with replacement.
| Comparing geographic disparities pre-KAS and under KAS
In a separate analysis, we compared geographic disparity under KAS versus pre-KAS (6/1/2013-12/3/2014). We calculated unadjusted (observed) DDKT rates for each DSA pre-KAS and under KAS and displayed them using a scatterplot and color-scaled maps. On colorscaled maps, darker colors represented higher DDKT rates, while lighter colors represented lower DDKT rates. We were forced to use unadjusted models to measure the change in geographic disparities under KAS, because the allocation factors adjusted for in the pre-KAS era versus under KAS differ. Adjusting for different factors by time period would prevent direct comparisons of MIRR pre-KAS versus under KAS. Because there was evidence of increased sharing, which is likely due to increased imports for highly sensitized candidates, we examined geographic disparities among this subgroup of candidates using the same methods stated above. 12, 16 In addition,
we calculated the number of DDKT and the DDKT rate for each of the region pre-KAS and under KAS. The statistical significance of the change in MIRR from pre-KAS to under KAS was assessed using a bootstrap with 100 repetitions that resampled registrants in each DSA with replacement. The two-sided P-values were derived empirically from the distribution of bootstrapped results, as P-value = 2-2 * max [proportion of times that bootstrapped pre-KAS MIRR was higher, proportion of times that bootstrapped post-KAS MIRR was higher].
| Sensitivity analysis
In a sensitivity analysis, we compared geographic disparity under KAS that included all active person time after implementation of KAS (including the "bolus" time period) with that pre-KAS. In addition, we repeated analyses using a "bolus" period of 1 month and 3 months.
| Statistical analysis
Confidence intervals were reported as per the method of Louis and Zeger. 26 All analyses were performed using Stata 14.1/MP for Windows (College Station, TX). All maps were generated using R 3.3.3 GUI for Mac OS. 
| RESULTS
| Study population
| Adjusted multilevel Poisson models under KAS
For adult candidates, the DDKT rate was 57% higher with each 3-year increase in waiting time (IRR = 1.56 1.57 1.59 , P < .001; Table 2 ). The DDKT rate was 40% higher for candidates in the top 20% of EPTS scores (IRR = A and lowest for candidates with blood type B. Candidates who had previously been living donors had a DDKT rate over 10 times higher than non-donor candidates (IRR = 7.08 10.14 14.53 , P < .001).
For pediatric candidates, the DDKT rate was 30% higher with each 3-year increase in waiting time (IRR = 1.15 1.30 1.47 , P < .001; Table 3 ).
The DDKT rate decreased dramatically as CPRA increased. Comparing to candidates with CPRA 0-19%, the DDKT rate was 56% lower for CPRA 20-94% (IRR = 0.35 0.44 0.54 , P < .001), but was 97% lower for CPRA 99% (IRR = 0.00 0.03 0.20 , P < .01), and 88% lower for CPRA 100%
(IRR = 0.07 0.12 0.18 , P < .001; Table 3 ). Similarly as adult candidates, by blood type, DDKT rates were higher for candidates with type AB, and lower for candidates with type B.
| Geographic disparity under KAS
After adjusting for all the non-geographic factors included in the allocation algorithms, distribution of IRRs and MIRR were shown in Figure 1 . MIRR was for pediatric candidates (Tables 2-3) . In other words, if two candidates with similar allocation points were selected from two DSAs, the DDKT rate of the candidate with higher access to transplant would be a median of 81% higher than the DDKT rate of the other candidate if they were adults, and a median of 92% higher if they were pediatric candidates. The distribution of IRRs in Figure 1 shows that for some pairs of DSAs, a candidate could increase their DDKT rate twelve-fold by moving from the DSA with the lower rate to the DSA with the higher rate.
| Comparing geographic disparities pre-KAS and under KAS
The unadjusted DDKT rates for each DSA pre-KAS and under KAS are shown in Figure 2 and Figure 3 . DDKT rates were heterogeneous both pre-KAS and under KAS (Figure 3 ). Areas with high DDKT rates pre-KAS continued to have high DDKT rates under KAS, and areas with low DDKT rates pre-KAS continued to have low DDKT rates under KAS (Figure 2 ).
DDKT rates pre-KAS and under KAS had a correlation of 0.70. DDKT rate for each region was shown in Table 4 . DDKT rate increased from pre-KAS to under KAS in nine regions, and decreased in the other two regions.
Unadjusted MIRR was 1.62 pre-KAS and 1.64 under KAS. There was no evidence of change in MIRR from pre-KAS to under KAS (P = .
3). For candidates with CPRA of 99 and 100%, the unadjusted CI, confidence interval; CPRA, calculated panel reactive antibody; DDKT, deceased donor kidney transplantation; aIRR, adjusted incidence rate ratio; MIRR, median incidence rate ratio. Waiting time included years from regularly administered dialysis or registration on the waiting list (regardless of creatinine or eGFR levels), whichever came earlier.
DDKT rate increased for all DSAs. There was no evidence of change in geographic disparities for candidates with CPRA of 99 and 100% from pre-KAS to under KAS (P = .9, Figure 4 ).
In the sensitivity analysis including all person-years after the implementation of KAS, we found no difference in MIRR pre-KAS (1.62) and under KAS (1.61, P = .5). In addition, we found no difference in F I G U R E 1 Distribution of IRRs and MIRR under KAS between June 1, 2015 and December 1, 2016. DDKT rates were estimated for each DSA using empirical Bayes estimation. For each pair of DSAs, IRRs were the ratio of the higher DDKT rate to the lower DDKT rate and were always larger than 1. MIRR was the median of all these IRRs. DDKT, deceased donor kidney transplantation; DSAs, donation service areas; IRR, incidence rate ratio; KAS, kidney allocation system; MIRR, median incidence rate ratio [Colour figure can be viewed at wileyonlinelibrary.com] 
| DISCUSSION
In this national registry study of kidney transplant candidates, we found that under KAS, geographic disparity in DDKT rate among DSAs remained large both for adult (MIRR = 1.75 1.81 1.86 ) and pediatric candidates (MIRR = 1.66 1.92 2.27 ). For adults, while geographic disparity impacted DDKT rate by a median factor of 1.81, having EPTS score at or below 20th percentile only impacted DDKT rate by a factor of 1.40
(IRR = 1.35 1.40 1.45 , P < .001) and an extra 3 years of waiting time impacted DDKT rate by a factor of 1.57 (IRR = 1.56 1.57 1.59 , P < .001). For pediatric candidates, geographic disparity impacted DDKT rate more than any other allocation factors including waiting time, CPRA, and blood type. DDKT rates were highly correlated pre-KAS and under KAS (correlation = 0.70). We found no change in geographic disparities from pre-KAS to under KAS.
We adopted a new measure of variation -MIRR -to investigate the geographic disparity in DDKT rate because it has several distinct advantages over other metrics of disparity. 25 MIRR has a straightforward interpretation as the median factor by which DDKT rate would change if a candidate listed in a different DSA. Particularly, since the MIRR is interpretable as an incidence rate ratio, it is directly comparable to covariate effects -the IRRs of other factors influencing allocation. 19, 25 This allows us to compare disparities caused by geographic location to the differences in DDKT rate that are by design within the allocation system, e.g. moving to a DSA with a higher transplant rate is associated with a median increase in the transplant rate that is higher than Accordingly, we found that geographic disparity remains severe overall following the implementation of KAS. Geographic location has a larger impact on DDKT rate than EPTS scores at or below the 20th percentile, or 3-year waiting time. This seems to contradict the "Final Rule," which states that neither place of residence nor place of listing should be a major determinant of access to a transplant. 31 We acknowledge some limitations of our study. The DDKT rate is influenced by variation in access to the transplant waiting list.
Geographic disparity in access to the transplant waiting list should be studied, but is outside the scope of our analysis. 
ACKNOWLEDGMENTS
